Introduction
Glioblastoma multiforme (GBM) is one of the most malignant and difficult-to-treat tumors. Despite the availability of multi-modality treatment involving surgical resection followed by adjuvant radio-and chemotherapy, the outcome of GBM patients remains poor with a median survival of ~15 months (1, 2) . GBM patients succumb to brain tumor due to rapid, aggressive, and infiltrative growth of the tumor, rendering the tumor unresectable at the time of diagnosis in many cases (3) .
MicroRNAs (miRNAs), a class of endogenous small non-coding RNAs of ~23 nucleotides, play key roles in regulating various biological processes (4, 5) , and are involved in glioma migration and invasion (6) (7) (8) . miR-124 is abundantly expressed in normal brain tissue and plays a crucial role in the differentiation and function of neurons, and contributes to the pathogenesis of human brain disorders (9) . Several studies indicated a correlation between the downregulation of miR-124 and tumor grading in GBM (6) (7) (8) . These studies revealed a lower miR-124 expression in GBM with higher invasiveness (10) .
The calpains are a family of calcium-dependent neutral cysteine proteases and are active participants in processes such as cell mobility and cell cycle progression. Calpain small subunit 1 (Capn4) plays an essential role in maintaining calpain stability and activity (11) . Capn4 overexpression was observed in intrahepatic cholangiocarcinoma tissues and involved in the metastasis of intrahepatic cholangiocarcinoma (12) . Higher Capn4 expression was also identified in and associated with poor overall survival (OS) of clear cell renal cell carcinoma patients (13) . In a previous study, we also observed an increased expression of Capn4 in glioma tissues, which was associated with a poorer OS and progression-free survival (PFS) of GBM patients. Additionally, the downregulation of
miR-124 suppresses the migration and invasion of glioma cells in vitro via Capn4
Capn4 suppressed the invasion and migration of glioma cells in vitro (14) . A tissue microarray study by Bai et al revealed a correlation between Capn4 expression and an invasive phenotype of hepatocellular carcinoma (15) . Although miR-124 and Capn4 are invovled in the invasiveness of GBM and other tumors, a connection between miR-124 and Capn4 has not been previously documented. In the present study, we investigated the expression of miR-124 and Capn4 in 20 GBM tissue specimens and 6 control tissue specimens and in queried data on glioma from The Cancer Genome Atlas (TCGA). It was found that miR-124 was downregulated whereas Capn4 was upregulatedin GBM tissues. miR-124 expression correlated negatively with Capn4 protein levels. Our computer algorithm analysis revealed that Capn4 is a candidate target gene of miR-124. The results also indicated that miR-124 suppressed the migration and invasion of glioma cells in vitro by modulating Capn4.
Materials and methods
Tissue specimen acquisition. Twenty archived GBM specimens were obtained from the tissue bank of huashan hospital, Fudan University, Shanghai, China. These specimens were obtained from GBM patients who underwent radical surgical resection between January 2011 and December 2012 at the Department of Neurosurgery, huashan hospital, and snap-frozen. Six control brain specimens were obtained from trauma patients or patients who received epilepsy surgery in the interim. Acquisition of tissue specimens was approved by the hospital Institutional Review Board and was performed in accordance with the institutional and national regulations.
TCGA data retrieval.
To investigate the expression of miR-124 and Capn4 in human GBM and normal brain tissues, we retrieved glioma data on TCGA (https://tcga-data.nci.nih. gov/tcga/). The results were based on data generated by the TCGA Research Network: http://cancergenome.nih.gov/. The resulting data set was filtered for samples having expression data for miR-124 and Capn4.
Computational algorithm analysis. The in silico prediction of predicted mRNA target sites of miR124 on human mRNA transcripts was performed using the algorithms TargetScan human 5.1 (www.targetscan.org) and human microRNA (http://www.microrna.org/). The minimum free energy predicted for hybridization was detected using BibiServ (http://bibiserv.techfak.uni-bielefeld.de/genefisher2/).
Cells and transfection.
hEK293T and GBM cells, U251 and U87 (Cell Bank of Chinese Academy of Sciences, Shanghai, China), were cultured in DMEM with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA).
Capn4 was knocked down by shRNA in the U251 and U87 cells as previously described (14) . The cells were transfected with plasmid vectors expressing Capn4, pLenti-Capn4 or miR-124 mimics (Genomeditech, Shanghai, China) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Dual luciferase reporter assays. The 3'-untranslated region (3'-UTR) of Capn4 containing the miR-124 target sequence (5'-GTGCCTT-3') was synthesized (Genomeditech) and inserted into the XbaI site of the pGL3-control vector (Promega, Madison, WI, USA), with the resultant plasmids pGL3-Capn4-wt. To determine sequence specificity, the plasmid pGL3-Capn4-mt was constructed, in which the conserved targeting sequence of miR-124 was mutated to 5'-ACACTCC-3' . miR-124 mimics or scrambled miRNA and reporter plasmids were co-transfected into hEK-293 cells using Lipofectamine 2000. After 48 h, the cells were assayed with a dual-luciferase reporter assay system (Promega). Firefly luciferase activity for each sample was normalized to Renilla luciferase activity. Transfection was repeated three times in triplicate independently.
Reverse transcription-quantitative PCR. Total RNA isolation, cDNA synthesis and reverse transcription-quantitative PCR (RT-qPCR) was performed as previously described (14), using the primers: Capn4, 5'-ACCCACTCCGTAACCTC-3' (sense) and 5'-GGGTAGCAACCGTGAA-3' (antisense), GAPDh, 5'-TCCACCACCCTGTTGCTGTA-3' (sense) and 5'-ACCACA GTCCATGCCATCAC-3' (antisense), for miR-124 (DhM0032, Takara, Dalian, China) and the universal miRNA control primer (D354, Takara). PCR was performed in triplicate using the ABI PRISM 7900 Sequence Detection System (Applied Biosystems, CA, USA). The relative amount of Capn4 mRNA, standardized by GAPDh mRNA, was expressed as -∆CT=[CT (Capn4)-CT (GAPDH)]. The ratio of the number of Capn4 mRNA copies to the number of GAPDH mRNA copies was then calculated as 2 -∆CT xK, where K is a constant.
Western blot assays. Western blotting was performed as previously described (14) using the antibodies: Capn4 (Abcam, MA, USA), E-cadherin, N-cadherin, vimentin, MMP2, MMP9, FAK, and phospho-FAK (all from Cell Signaling Technology, Beverly, MA, USA) and β-actin (Abcam). The protein expression was normalized against β-actin and densitometric analysis was performed using Image Pro plus 6.0.
Wound-healing and Transwell invasion assays.
Wound-healing and Transwell invasion assays were performed as previously described (14) . Briefly, the cells were seeded in 24-well plates and when the cells were 80-90% confluent, the monolayer was scratched manually with a plastic pipette tip across the diameter of each plate. After two washes with PBS, the cell migration was observed by microscopy at 48 h. Transwell cell invasion assays were performed using 24-well Transwells (8-µm pore size; Millipore, Billerica, MA, USA) precoated with Matrigel (BD Biosciences, San Jose, CA, USA). A total of 2x10 5 cells were suspended in 200 µl DMEM containing 1% FBS and added to the upper chamber. The lower chamber was filled with 600 µl DMEM containing 10% FBS acting as chemoattractants. After 24 h of incubation, Matrigel and the cells remaining in the upper chamber were removed by cotton swabs. The cells on the lower surface of the membrane were fixed in 4% paraformaldehyde and stained with Giemsa. Cells in 5 microscopic fields were counted and imaged and expressed as the average number of cells per field of view. The experiments were performed in triplicate at least three times independently.
Statistical analysis. Data are presented as median and range or mean ± SD where appropriate and analyzed using Student's t-test for comparisons between groups. Spearman's correlation analysis was performed between the Capn4 mRNA level, Capn4 protein level and miR-124 level. P<0.05 was considered statistically significant.
Results

miR-124 is significantly downregulated in GBM tissues.
Analysis of 20 GBM tissue and 6 control tissue specimens by RT-qPCR showed a median of 0.59 (range, 0.31-0.87) for GBM and 1.03 (range, 0.94-1.04) for control brain tissues (P<0.001) (Fig. 1A) . The queried data revealed a markedly lower level of miR-124 in GBM tissues (n=519) than that of normal controls (n=10) (P<0.001) (Fig. 1B) .
miR-124 directly targets the 3'-UTR of Capn4.
To determine the role of miR-124 in GBM. We searched for candidate target genes of miR-124 using TargetScan and human microRNA database. We found that the nucleotide 440-446 region within the 3'-UTR of the Capn4 gene contained a candidate binding site for miR-124 ( Fig. 2A) . The BibiServ analysis revealed that the free energy (DG) was approximately -17.0 kcal/mol for hybridization of the Capn4 3'-UTR and miR-124 (Fig. 2B) . The homology analysis additionally revealed that the nucleotide 440-446 region within the Capn4 3'-UTR was highly conserved across species (Fig. 2C) . The luciferase assays showed that hEK293T cells co-transfected with pGL3-Capn4-wt and miR-124 mimics expressed significantly decreased luciferase activities compared to the cells co-transfected with pGL3-Capn4-mt and miR-124 mimics or pGL3-Capn4-wt and scrambled miRNA controls (Fig. 2D) . These results demonstrated that miR-124 directly targeted the 3'-UTR of Capn4.
Capn4 is upregulated in GBM tissues at the post-transcriptional level.
Given that the dysregulated expression of Capn4 has been shown to be a predictor of adverse prognosis of glioma patients (14) and our finding that Capn4 was a direct target of miR-124, we examined whether Capn4 was dysregulated in GBM. The RT-qPCR analysis demonstrated a median Capn4 mRNA transcript level of 1.06 (range, 0.99-1.44) for 20 GBM tissue specimens and 1.03 (range, 0.91-1.12) for 6 control brain tissue specimens (P>0.05) (Fig. 3A) . Query of data from the TCGA revealed a median Capn4 mRNA transcript level of 10.21 (range, 6.73-11.48) for 519 GBM tissue specimens and 10.25 (range, 10.04-10.52) for 10 normal brain tissue specimens (P>0.05) (Fig. 3B) . By contrast, the immunoblotting assays showed a median Capn4 level of 1.60 (range, 0.32-2.22) for GBM tissue specimens and 0.26 (range, 0.01-0.40) for normal specimens (P<0.001) (Fig. 3C ). Spearman's correlation analysis found no significant correlation between the mRNA transcript levels and protein levels of Capn4 in GBM tissues (r=0.2227, P>0.05) (Fig. 3D) .
In addition, we transfected U87 and U251 cells with miR-124 mimics or scrambled miRNA controls (Fig. 3E) . The RT-qPCR analysis revealed that miR-124 failed to markedly suppress the endogenous expression of Capn4 mRNA transcripts compared to the cells transfected with scrambled miRNA controls (P>0.05) (Fig. 3F) . Consistent with our findings in GBM tissues, miR-124 mimics significantly reduced the expression of Capn4 protein in the U87 and U251 cells (P<0.001 vs. scrambled miRNA controls) (Fig. 3G) . The above findings together indicated that Capn4 was upregulated in GBM cells or tissues at the post-transcriptional level and not at the transcriptional level.
miR-124 expression correlates negatively with Capn4 protein levels in GBM.
We examined whether miR-124 expression correlated with Capn4 expression in GBM tissues. The Spearman's correlation analysis revealed that Capn4 mRNA transcript levels did not correlate with miR-124 levels in GBM tissues from our cohort (r=0.2724, P>0.05) (Fig. 4A) . Analysis of the queried data from the TCGA also failed to reveal significant correlation between Capn4 mRNA transcript levels and miR-124 levels in GBM tissues (r=0.0134, P>0.05) (Fig. 4B) . By contrast, a significant negative correlation was demonstrated between Capn4 protein levels and mR-124 levels in the 20 GBM tissue specimens from the present study (r=0.5352, P<0.05) (Fig. 4C) .
miR-124 suppresses the migration and invasion of glioma cells by modulating Capn4
. miR-124 has been shown to inhibit the migration and invasion of U87 and U251 cells (7). . miR-124 expression correlates negatively with Capn4 protein levels in GBM. Spearman's correlation analysis of Capn4 mRNA transcript levels and miR-124 levels in (A) GBM tissues from our cohort and (B) the queried data from the TCGA and (C) of Capn4 protein level and miR-124 levels in GBM tissues from our cohort. of Capn4 protein in the two cells, which, however, was abrogated by co-transfection with pLenti-Capn4 (Fig. 5A) . The wound-healing assays showed that Capn4 downregulation by miR-124 mimics suppressed the migration of U87 (Fig. 5B ) and U251 cells (P<0.001 vs. controls) (Fig. 5C ). The decrease in the migration of U87 and U251 cells was markedly attenuated by co-transfection with pLenti-Capn4 (P<0.001 vs. miR-124 mimics) (Fig. 5F ). In addition, Transwell assays demonstrated that miR-124 mimics significantly reduced the number of migrated U87 (Fig. 5D ) and U251 cells (P<0.001 vs. controls) (Fig. 5E) . The reduction in the number of migrated glioma cells was lessened by co-transfection with pLenti-Capn4 (P<0.001 vs. miR-124 mimics) (Fig. 5F ). The results suggested that miR-124 modulated the migration and invasion ability of gliomas cells via Capn4.
Capn4 is involved in the EMT of glioma cells. miR-124 has
been demonstrated to reverse the EMT (16) . We investigated whether Capn4 was involved in this process. Capn4 knockdown by shRNA was associated with an increase in E-cadherin and a decrease in N-cadherin and vimentin. Capn4 downregulation also caused an apparent reduction in the level of phospho-FAK and MMP2 in U87 cells and U251 cells. Similar findings were observed in U87 cells and U251 cells transfected with miR-124 mimics. These changes were attenuated by co-transfection with pLenti-Capn4 (Fig. 6) . The results indicated that Capn4 was involved in the EMT of glioma cells and was modulated by miR-124 in the process.
Discussion
The highly infiltrative and invasive nature of malignant gliomasis a significant contributor to the poor outcome of the disease. miR-124 and Capn4 are involved in the migration and invasion of glioma cells and their aberrant expression in glioma tissues has been found to be associated with the outcome of the disease (7, 10) . To the best of our knowledge, the present study provides the first piece of evidence that miR-124 directly targets Capn4 in modulating the migratory and invasive activities of glioma cells in vitro. Additionally, miR-124 and Capn4 are aberrantly expressed in GBM tissues and miR-124 expression negatively correlates with Capn4 protein levels. Understanding the molecular mechanisms of gliomagenesis and tumor progression is necessary to explore more effective diagnostic and therapeutic strategies. In a previous study, it was shown that alterations in Capn4 expression correlated with glioma grade and patient survival (13) . In the present study, we have shown that the Capn4 protein levels, but not the mRNA levels, in GBM were higher than the control tissues, which is consistent with our immunohistochemical findings in our previous report (13) .
Currently, studies on the role of miR-124 in glioma involve only a small number of patients. Zhao et al studied 9 GBM patients (6) while An et al studied 16 glioma patients (10) including eight high-grade glioma patients. We studied 20 archived GBM tissue specimens and showed that miR-124 was significantly downregulated while Capn4 was markedly upregulated in GBM tissues. This finding was further supported by our analysis of 519 GBM patients in TGCA. We and other authors have shown that miR-124 suppresses the migration and invasion of glioma cells. An et al found that this inhibitory effect of miR-124 on glioma cell migration and invasion was exerted via ROC1 (10), a protein involved in the regulation of cell motility. By contrast, Zhao et al, showed that miR-124 inhibited the invasiveness of glioma cells by targeting PPP1R3L (6), an inhibitory member of the apoptosis-stimulating protein of the p53 family that also regulates growth, cell cycle progression, metastasis and apoptosis of various types of cancer. The role of Capn4 in regulating the invasiveness of glioma cells has not been well elucidated, as identified in our previous study, where the results demonstrated that downregulation of Capn4 suppressed the invasion and migration of glioma cells in vitro. To the best of our knowledge, no other study has focused on the role of Capn4 in glioma. In this study, we demonstrated that miR-124 targeted Capn4 in regulating the migration and invasion of glioma cells.
Dai et al, demonstrated that Capn4 promoted the metastasis of hepatocellular carcinoma cells via activation of the FAK-Src signaling pathway and MMP2 (17) . We also found that Capn4 downregulation by shRNA was associated with reduced levels of phospho-FAK and MMP2. Similarly, miR-124 mimics suppressed the levels of phospho-FAK and MMP2 in U87 cells, which was attenuated by co-transfection with plasmid vectors expressing Capn4. An increasing number of studies have shed light on the mechanisms whereby glioma cells infiltrate normal brain. Glioma invasion is a multistep process that involves detachment from the tumor mass, remodeling of the extracellular matrix, and migration of glioma cells (18) . Several factors, including CD44 (19) , cadherins (20) , and matrix metalloproteinases (21) , have been shown to mediate these processes. In this study, the results showed that the exo genous overexpression of miR-124 suppressed the mesenchymal phenotype of U87 cells by inhibiting Capn4.
In conclusion, this study has demonstrated the functions of miR-124 in inhibiting the invasive propensity of glioma cells. miR-124 controls the invasive phenotype of glioma cells via one of its downstream targets, Capn4. In view of its frequent downregulation in GBM, it is likely that brain-enriched miR-124 may not only be important for neural development but may also serve as a putative tumor suppressor miRNA that prevents gliomagenesis by inhibiting the invasiveness of glioma cells. The results suggest a new avenue for elucidating the molecular mechanism of glioma cell invasion and developing therapeutic strategies against glioma by restoring the level of miR-124 and suppressing Capn4.
